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ABSTRACT PAGE
Stroke survivors suffering from upper extremity hem iparesis experience impaired motor
function in one of their limbs; however, research indicates that these individuals are still
able to accurately imagine engaging in motor actions that they are no longer capable of
performing. In the present study, event-related potentials (ERPs) w ere used to examine the
pattern of cortical activation mediating this effect. Five young controls, five older controls,
and five individuals with hem iparesis were a sse sse d a s they viewed photographs of hands
presented in various orientations and judged w hether a left or a right hand w as presented.
ERP waveforms for both groups of control participants replicated the results of previous
mental rotation studies with regard to the em ergence of a P1-N1-P2 complex, a P3
component, and a late negative complex (LNC). However, visual inspection of the ERPs
for the stroke survivor group indicates that these individuals do not generate an LNC,
suggesting that they used a solution strategy that w as qualitatively different at the cortical
level than that used by healthy participants. This LNC flattening in the stroke participants
was, however, not significantly different from the control participants—a finding that is
attributed to low sam ple size and lack of statistical power.
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1
Cortical Activity Mediating Motor Representations in Stroke Survivors
An individual who survives a stroke often experiences some degree of upper
extremity hemiparesis— a partial paralysis of one or both limbs. This impairment is
thought to occur in part because o f a neural disconnect between an action intention and
the mechanisms necessary for initiating that action (Beer, DeWald, & Rymer, 2000).
Despite the long-lasting motor disturbances associated with hemiparesis, research
indicates that individuals suffering from this condition may retain the ability to mentally
represent movements they are no longer capable of performing (e.g., Johnson, 2000).
Given the limited physical motor movement but intact mental representation of motor
movement associated with hemiparesis, the present study sought to better understand the
pattern of cortical activity mediating this effect. Specifically, we chose to utilize a spatial
transformation task in which photographs o f human hands have to be mentally rotated in
order to determine whether they are left or right hands. This task is particularly
appropriate for the present study, given that hemiparetics are able to mentally represent
this type o f motor response, even if they are unable to contort one o f their own hands into
the positions depicted by the stimuli.
Early Behavioral Studies o f Mental Rotation
In one o f the first experimental studies o f mental rotation, Shepard and Metzler
(1971) presented participants with pairs o f line drawings which depicted threedimensional blocks, displayed at different orientations. The participants’ task was to
determine whether the two stimuli in each pair were identical to one another or mirror
images. Results showed a strong linear relationship between reaction time and the degree
o f angular difference between the pair of stimuli, suggesting that participants were in fact
engaging in mental rotation. This same pattern of results has been replicated again and

again, not only using the three-dimensional Shepard-Metzler blocks, but also using
stimuli such as two-dimensional letters and abstract symbols (e.g., Jordan, Heinze, Lutz,
Kanowski & Jancke, 2001). This methodology went on to become a classic paradigm in
cognitive psychology as it provides a means to measure the spatial contents of the mind.
Shepard and Metzler (1971) found no differences in reaction times in cases where
the object could simply be rotated in its two-dimensional picture plane and in cases when
the object had to be rotated in three-dimensional space, suggesting that participants were
freely rotating the stimuli along whichever trajectory was most convenient. Given this
pattern of results, it becomes relevant to consider that not all objects can in fact be freely
rotated in the real world due to the laws of physics. Indeed, studies that have used letters,
numbers, abstract shapes, or three-dimensional blocks as stimuli have failed to address
this important aspect of human spatial transformation. In particular, the movement of
human body parts is almost always constrained by the biomechanic limitations of bones,
joints, and muscles, which might suggest that the mental rotation o f body parts engages a
different cognitive process than mental rotation o f free-floating stimuli.
Indeed, an early behavioral study by Sekiyama (1982) provided initial evidence
suggesting that participants use knowledge about the anatomy o f their own hands when
they have to judge whether they are viewing a left or right hand. Specifically, Sekiyama
presented participants with line drawings o f hands in which fingers and wrists were
contorted in various positions. The stimuli were presented in 45° increments from
upright, and participants pressed a button to indicate whether they were viewing a left or
a right hand. Participants’ reaction times for making this left-right judgment were
strongly related to the time required to move their own hands into the orientation of the

3
stimulus. Later work by Parsons (1987) also demonstrated that participants take into
consideration the biomechanical constraints of their own limbs when required to mentally
rotate pictures o f hands and feet. It thus seemed that participants were spontaneously
imagining a rotation path that corresponded to the natural range o f motion their hands and
feet would follow if actually rotating them. These findings provide strong evidence that
the real-life kinematic properties o f a stimulus, along with the individual’s perception of
these properties, dictate the course o f mentally represented motion.
The Neural Basis o f Mental Rotation
The first studies to identify specific brain regions that might be involved in mental
rotation used patients with brain lesions. Ratcliff (1979) studied men who had suffered
missile wounds to the posterior left hemisphere, posterior right hemisphere, or posterior
bilateral brain regions. In this study, “posterior” corresponded to lesions in the posterior
parietal, posterior temporal, and posterior occipital lobes. Participants viewed line
drawings of a man positioned in either an upright or inverted position with one of his
hands marked by a black circle. The task was to determine for each trial whether the
man’s left or right hand was marked. Results showed that the participants with posterior
right hemisphere damage made significantly more errors than the other groups when
viewing the inverted stimuli— a finding which suggests that these participants were
unable to mentally rotate the inverted man into an upright position. Further support for
this conclusion comes from a case study by Farah and Hammond (1988) which examined
the mental rotation performance o f a patient who had suffered a large cerebral artery
stroke in his right hemisphere that spanned frontal, parietal, and temporal lobes. This
patient performed extremely poorly on three different mental rotation tasks, including the
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task used by Ratcliff. He was, however, able to recognize when an object was presented
in an orientation that differed from its upright position. These results suggest that the
mental rotation process (but not orientation-invariant object recognition) depends on the
right hemisphere. Finally, Ditunno and Mann (1990) compared patients with right
parietal lesions, patients with left parietal lesions, and normal control participants on the
Shepard-Metzler task, finding that patients with right parietal lesions performed
significantly worse on the task than the other two groups, both in terms o f accuracy and
reaction time.
Although the patients in the above studies had lesions spanning many diverse
regions of the brain, they all involved the right parietal lobe, at least to some extent,
which led many researchers to conclude that this brain area might be critical to the mental
rotation process. In contrast to these findings, however, other research has suggested a
critical role for the left hemisphere. For example, Mehta and Newcombe (1991)
compared men who had suffered missile wounds to the left hemisphere and those who
had suffered missile wounds to the right hemisphere, along with normal control
participants. Results showed that men who had suffered left hemisphere damage
performed significantly worse than the other groups on certain spatial tasks, including
mental rotation of the Shepard-Metzler blocks. Importantly, this deficit did not emerge
on tests o f general intelligence, angle matching tasks, or tests of language
comprehension.
More recent studies aimed at uncovering the neural mechanisms involved in the
mental rotation process have begun to employ different neuroimaging techniques and
utilize a wide array o f stimuli. Although these experiments have proven extremely
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valuable in helping us better understand the brain areas implicated in mental rotation,
there has been a considerable degree o f inconsistency among the findings. For example,
some studies that have investigated mental rotation using three-dimensional ShepardMetzler blocks and functional magnetic resonance imaging (fMRI) have suggested that
mental rotation tasks engage bilateral parietal brain regions (e.g., Cohen et al., 1996;
Richter, Ugurbil, Georgopoulos, & Kim, 1997). Bilateral parietal activation was also
found by Jordan et al. (2001), not only when participants had to mentally rotate the
Shepard-Metzler blocks, but also when they mentally rotated letters and abstract figures.
Interestingly, these researchers did not find any activation outside o f the parietal lobes,
including areas previously shown to be involved in lexical processing, verbal
comprehension, or object identification and classification. The authors conclude that
mental rotation does not engage brain areas outside of parietal regions, regardless of the
type of stimulus being mentally rotated.
In contrast to studies suggesting bilateral parietal activation during mental
rotation, other experiments have shown clear hemispheric differences. For example,
Alivisatos and Petrides (1997) measured regional cerebral blood flow (rCBF) using
positron emission tomography (PET) as participants mentally rotated alphanumeric
symbols. Results showed that the left inferior parietal region was the only brain area that
demonstrated significant activation. In a later PET study that likewise investigated the
neural mechanisms employed during mental rotation o f alphanumeric symbols, Harris et
al. (2000) found that the only area significantly activated was the right posterior parietal
lobe— a finding in direct opposition to the results reported by Alivisatos and Petrides.
Harris et al. attempted to reconcile this discrepancy by pointing out that their study used
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stimuli that were rotated in 40° increments, from 0° to 320°, whereas Alivisatos and
Petrides used only three orientations (120°, 180°, and 240°). Because participants in the
Alivisatos and Petrides study only had to remember three spatial representations of
stimuli, it seems possible that they could memorize these images and not have to rotate
them back into a canonical position for the beginning o f each trial. This may indeed
explain the obtained difference in lateralization, however it is only speculative.
Not only have these previous neuroimaging studies been somewhat inconsistent
with regard to the pattern of parietal cortex activation occurring during mental rotation
tasks, but they have also been fairly inconsistent in specifying the exact role of other
brain structures such as primary motor cortex (M l) and premotor cortex (PM). For
example, Richter and colleagues have utilized fMRI to demonstrate that mental rotation
of Shepard-Metzler blocks activates contralateral primary motor cortex (Richter et al.,
1997; Richter et al., 2000). In contrast, a PET study by Vingerhoets et al. (2001) showed
no significant activation in M l. Furthermore, some studies have reported significant
activation o f PM during mental rotation in at least a portion of their participants (e.g.,
Cohen et al., 1996; Richter et al., 2000), whereas other studies report no significant PM
activation (e.g., Harris et al., 2000; Jordan et al., 2001).
Given the previously discussed findings that mental rotation o f body parts adheres
to certain biomechanic limitations, whereas mental rotation o f blocks, letters, symbols,
and other objects occurs more freely, it seems possible that these two processes might be
governed by qualitatively different neural mechanisms. Using PET, Parsons et al. (1995)
conducted the first study examining the neural correlates o f the mental rotation of hands
in normal participants. These results showed the strongest activation in primary motor
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cortex, parietal lobes, and cerebellar regions— areas previously shown to be involved in
tasks of actual and imagined movement.
Another PET study by Kosslyn, Digirolamo, Thompson, & Alpert (1998)
supports the hypothesis that mental rotation o f hands engages brain regions that are not
active during the mental rotation o f other stimuli. Specifically, these researchers
compared patterns o f brain activation in participants as they performed mental rotation of
Shepard-Metzler blocks, and as the same participants performed mental rotation of hands.
Results showed that mental rotation of the blocks was associated with activation of
bilateral parietal regions, which is consistent with the results o f other studies using these
stimuli (e.g., Cohen et al., 1996). In sharp contrast, mental rotation o f hands was
associated with significant activation in the left primary motor cortex, left premotor
cortex, and left posterior parietal lobe. The authors conclude that there are at least two
different ways to perform mental rotation, which engage at least two different neural
systems. One o f these systems seems to govern the mental rotation of objects like hands,
which executes processes associated with motor movement preparation. The other
system seems to be involved more in the mental rotation o f objects that are not associated
with representation o f motor actions. These findings underscore the claim that mental
rotation is a complex cognitive process which is carried out by several neural
mechanisms working together. In addition, Kosslyn et al. conclude that the mental
rotation process can potentially be better understood by placing greater emphasis on the
type o f stimulus used.
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ERP Studies o f Mental Rotation
The results of Kosslyn et al.’s (1998) PET study specify three distinct brain
regions that appear to be activated during the mental rotation o f hands as compared to the
mental rotation of blocks in normal participants; however, it is impossible to tell from
this study exactly how these different areas work together to contribute to a neural system
underlying mental rotation. Indeed, functional imaging techniques such as PET and
fMRI are fairly ambiguous in terms o f the time course associated with a particular pattern
of brain activation. In contrast, event-related brain potentials (ERPs), as measured by
electroencephalography (EEG), provide a multidimensional, millisecond-by-millisecond
reflection o f processing activity, which could lead to a better understanding of the timing
and sequence o f neural events associated with mental rotation.
Previous ERP studies investigating the cortical activity associated with mental
rotation in normal participants have been fairly consistent with regard to the emergence
o f a parietal late negative complex (LNC; for a review, see Heil, 2002). More
specifically, research has shown that the EEG waveforms obtained at parietal electrode
sites tend to become more negative-going the more an individual has to engage in mental
rotation during a given task, in much the same way that reaction time changes as a
function o f the degree o f angular departure. This pattern of LNC amplitude modulation
has been reported in several ERP studies of mental rotation including rotation of letters
and symbols (Desrocher, Smith, & Taylor, 1995; Peronnet & Farah, 1989), drawings of
polygons (Pierret, Peronnet, & Thevenet, 1994), and abstract line drawings (Yoshino,
Inoue, & Suzuki, 2000).
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In a recent study, Thayer and Johnson (2006) used ERPs to investigate the neural
mechanisms governing the mental rotation o f hands in normal participants. As in
previous ERP studies of mental rotation (e.g., Desrocher et al., 1995), these researchers
observed an LNC during a time window of approximately 600-800 ms after stimulus
presentation, with maximal amplitude at parietal electrode sites. Moreover, significant
negative correlations were found between reaction time and LNC amplitude at three
parietal electrode sites (P3, PZ, and P4) and one central electrode site (C3) providing
strong evidence for the conclusion that the LNC is an electrophysiological hallmark of
mental rotation.
Applying source modeling techniques to their ERP data, Thayer and Johnson
(2006) concluded that mental rotation of hands occurs primarily in parietal and occipital
cortices, with anterior motor structures playing an ancillary role—perhaps providing the
participants with information regarding which rotation trajectories are biomechanically
feasible and which are not. Additionally, these results offered no support for any
hemispheric lateralization, suggesting that the mental rotation process requires input from
both left and right hemispheres.
Representation o f Motor Actions in Stroke Survivors
Accurate, controlled movement of the upper extremities requires a vast network
o f cortical and subcortical brain areas (Jeannerod, Arbib, Rizzolatti, & Sakata, 1995). A
cerebral vascular accident (CVA) that causes damage to certain structures within this
network—including primary sensorimotor areas, supplementary motor, premotor, and
parietal cortices, and basal ganglia—often results in hemiparesis, a complete or partial
paralysis of one o f the upper extremities (Pantano et al., 1996). Even though hemiparesis
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is one of the most common and debilitating impairments following CVAs, only a few
recent studies have sought to better understand how a stroke survivor suffering from
hemiparesis mentally represents motor behavior in his or her affected limb.
Johnson (2000) studied representations o f motor behavior in hemiparetic
participants who had experienced their CVA very recently (i.e., within the three weeks
prior to testing). These participants were presented with pictures o f a handle that was
displayed in various orientations, and their task was to decide whether an overhand or
underhand grip would be more natural for grasping the handle, for both their left and
right hands. Results showed that judgments made for affected limbs were just as accurate
as judgments made for unaffected limbs, providing initial evidence that hemiparetic
patients possess accurate internal representations of movement for both their affected and
unaffected limbs shortly after their CVAs. As a follow-up study, Johnson, Sprehn, and
Saykin (2002) investigated motor representations in stroke survivors suffering from
chronic hemiparesis. That is, these participants had experienced their CVA at least 11
months prior to testing. On four different experimental tasks, these participants showed
no significant differences in their ability to represent motor actions in their affected limbs
compared to their unaffected limbs.
At first glance, these studies by Johnson and colleagues suggest that internal
representation o f motor actions for the affected limb in a stroke survivor is just as good as
motor representation for the unaffected limb; however, other studies indicate that motor
imagery for the affected limb takes more time to complete. For example, Sabate,
Gonzalez, and Rodriguez (2004) showed that stroke survivors took significantly more
time to complete actual and imagined finger movement sequences, as compared to
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healthy young and age-matched control participants. These researchers found a similar
pattern of results in a follow-up study that looked solely at motor imagery in patients who
had survived a cerebellar stroke (Gonzalez, Rodriguez, Ramirez, & Sabate, 2005).
Specifically, the participants who had experienced a cerebellar stroke, compared to agematched control participants, took significantly more time to complete a finger movement
sequence, and were also significantly slower at simply imagining performing the task,
providing evidence that the cerebellum is important for the internal simulation of
complex motor patterns.
Other lines o f neuropsychological research suggest a similar conclusion: damage
to a variety of brain structures tends to result in the individual taking more time to
imagine certain motor actions, yet the individual’s overall ability to perform imagined
movements seems to remain intact. Sirigu et al. (1995) provide a case study of a
patient—C.P.— who experienced a right-lateralized lesion in the middle region of the
primary motor cortex. C.P. was able to quickly and accurately execute fine-motor
movements with her right hand; however, the same movements attempted with her left
hand were slow and awkward. C.P. was also asked to imagine performing the same
movements with each hand, and these results mirrored the results o f the actual hand
movements. That is, the time it took C.P. to perform the movements with her left versus
right hand was strongly correlated with the time it took her to imagine performing the
movements with her left versus right hand. A similar pattern o f results was obtained in
another study by Sirigu and colleagues that looked at motor imagery in patients suffering
from lesions to the parietal cortex (Sirigu et al., 1996). The time required for these
patients to imagine performing sequential finger movements and pointing was
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significantly slower compared to control participants and patients with damage to the
primary motor cortex.
Similarly, Dominey, Decety, Broussolle, Chazot, and Jeannerod (1995) studied
patients experiencing asymmetrical neurodegeneration as a result of Parkinson’s disease.
In tasks o f sequential finger movements, mental rotation of letters, and mental rotation of
hands, all seven patients displayed not only motor asymmetry favoring their unaffected
hand, but also motor imagery asymmetry. That is, the patients took significantly more
time to imagine performing the tasks with their affected hand than with their unaffected
hand.
Further evidence demonstrating that hemiparetics possess intact mental
representation of motor behavior comes from recent research showing that motor imagery
practice can be used as an effective cognitive rehabilitation strategy for restoring
. functional use of the affected limb. Page, Levine, and Sisto (2001) report a case study of
a male patient suffering from upper extremity hemiparesis who, in addition to receiving
physical therapy, listened to an audiotape instructing him to imagine himself performing
specific functional movements with his affected limb. Results suggested that mentally
rehearsing motor behaviors, in combination with regular physical therapy, may be
beneficial for regaining motor function following a stroke. Similarly, Stevens and
Stoykov (2003) describe the benefits o f using computer-facilitated and mirror boxfacilitated imagery as a cognitive rehabilitation program for promoting functional
recovery following hemiparesis. Taken together, these studies indicate that hemiparetics
may be able to utilize their intact imagined motor representation in order to improve their
impaired actual motor movement.
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Present Study
Although previous behavioral studies suggest that stroke survivors with upper
extremity hemiparesis retain a neural system for representing motor actions, an important
next step is to directly monitor brain activity in these individuals in order to more clearly
describe this process. Only one study to date has investigated the pattern of cortical
activity underlying motor imagery in hemiparetics. Cicinelli et al. (2006) utilized
transcranial magnetic stimulation in order to better understand the cortical representation
o f a specific impaired muscle in a sample of hemiparetic patients. Results demonstrated
significant increases in motor cortex excitability within the affected hemisphere when
patients imagined a finger movement task versus when patients were at rest.
The present study utilized ERPs to examine the pattern of cortical activity
governing the mental rotation process in hemiparetics. We employed a mental hand
rotation task similar to that used in previous neuroimaging studies (e.g., Thayer &
Johnson, 2006). This task is particularly relevant to the hemiparetic population, given
that half o f the stimuli viewed during this task correspond to a hand that the individual
uses on a daily basis, whereas the other half correspond to the individual’s affected hand
which is used rarely, if ever, in day to day functioning. Stevens & Phillips (2001)
conducted a behavioral study of hemiparetic stroke survivors who performed this mental
hand rotation task. In accordance with previous studies of mental rotation, they found
that reaction times varied as a function of angular orientation, such that the longest
reaction times occurred the further the stimulus was presented from a 0° canonical
orientation. Moreover, they found no significant differences in reaction time between
affected and unaffected hands, providing further evidence that hemiparetics possess an

14
intact system for representing motor behaviors and that this process is the same
regardless of which hand they are imagining.
If stroke survivors with upper limb dysfunction are able to perform mental
rotation of hands just as accurately as healthy individuals, the next important questions to
ask are whether or not the cortical mechanisms mediating this process are the same for
mental rotation o f affected limbs versus unaffected limbs, and whether this pattern of
activity is the same across participants. In the present study, we used ERPs to answer
these questions and to gain a better understanding o f the brain activity underlying stroke
survivors’ mental representation of motor behavior.
Method
Participants
Five male first-time hemiparetic stroke survivors (mean age = 66.0 years, SD =
1.92), five age-matched male control participants (mean age = 77.0 years, SD = 4.00),
and five young adults (3 women, 2 men; mean age = 20.8 years, SD =11.18) participated
in the study. The stroke survivors and older control participants were recruited from the
community and were paid for their participation. The young adults were undergraduate
or graduate students at the College o f William and Mary who either received course
credit for their participation or volunteered their time. All ten control participants were
right-handed as evaluated by the Edinburgh Handedness Inventory (Oldfield, 1971).
Three of the five stroke survivors had suffered a right hemisphere CVA, resulting in left
side hemiparesis, whereas the other two had suffered a left hemisphere CVA, resulting in
right side hemiparesis. Scores for the stroke survivors on the Edinburgh Handedness
Inventory confirmed that the dominant hand for each o f these individuals corresponded to

the hand that was not affected by his stroke. All stroke participants were medically
stable, lived at home, had adequate cognitive and visual functions to perform the task,
and did not have any neurological damage other than that associated with their CVA.
Several months prior to the start of the experiment, motor function recovery was assessed
for all stroke survivors using the Fugl-Meyer Scale (Fugl-Meyer, Jaasko, Leyman,
Olsson, & Steglind, 1975). These scores, along with additional information about each
stroke survivor, are presented in Table 1.
Stimuli
Black and white photographs of the back or palm of an open left or right hand,
portrayed against a black background (see Figure 1), were presented to participants on a
Dell laptop computer screen using Neuroscan STIM2 software. The left and right hands
were mirror images o f one another, but they were otherwise identical. Hands were
photographed at each o f eight clockwise angular rotations: 0°, 45°, 90°, 135°, 180°, 225°,
270°, and 315°, resulting in a total of 32 unique stimuli (2 hands x 2 orientations x 8
rotations). These 32 stimuli were presented in eight different random orders, and each of
these eight random orders was then presented to participants twice throughout the course
of the session, resulting in a total o f 512 experimental trials (256 left hands and 256 right
hands).
Procedure
Participants sat in a dimly lit room in front o f the computer screen and were
instructed to fold their hands in their laps under the table so that they were not visible
during the experiment. Participants were also given explicit instructions not to move
their hands during the experiment. Each stimulus was preceded by a small white fixation
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cross which appeared in the center o f the screen for 1500 ms. Participants were required
to decide whether each stimulus was a left or a right hand. The stimulus remained on the
screen until the participant made a decision. For each stimulus, the participant spoke his
or her decision (i.e., “left” or “right”), and an experimenter who was seated next to the
participant facing away from the computer screen pressed a corresponding button. After
the button was pressed, the stimulus immediately disappeared, and the next fixation cross
appeared 500 ms later. Participants were told to respond as quickly as possible without
sacrificing accuracy. The experimental session typically lasted between 30 and 40
minutes. STIM2 software recorded accuracy and reaction time data for all trials.
The rationale for having participants speak their left-right decisions while an
experimenter responded for them was twofold. First, we did not want participants
pressing buttons themselves because we wanted their hands to be completely hidden from
view so that they could not use visual information about their own hands to assist them as
they mentally rotated images of hands on the computer screen. Second, most
hemiparetics express a great deal of difficulty executing fine motor movements with their
impaired limbs, thus making it impractical to have our stroke survivor participants press a
button or foot pedal corresponding with their left-right decision. Stevens and Phillips
(2001) utilized this same experimenter-response paradigm in their behavioral assessment
o f stroke survivors’ mental rotation o f hands, finding that reaction time still changed as a
function o f degree o f angular orientation.
Electrophysiology
Prior to the start o f the experiment, participants were fitted with a NuAmps 40Channel Quik-Cap, and all electrodes were filled with Quik-Gel conductive gel. Figure 2
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displays a map o f the 40 channels and their locations on the scalp. EEG was recorded
continuously throughout the experimental session. Data were digitized at a sampling rate
of 500 Hz using a NuAmps amplifier system. Electrode impedances were kept below
lOkQ. A left mastoid reference electrode was used online, and the reference was later
changed offline to the average o f left and right mastoid recordings. Four channels were
used for monitoring horizontal and vertical eye movements: one above and one below the
left eye, and one on the outer canthi of each eye. Neuroscan Scan 4.3.1 software was
used for the recording and analysis o f all EEG data.
After all data had been collected, EEG files were visually scanned by
experimenters to identify incorrect trials and artifacts (e.g., muscle movement, excessive
eye movement, electrical interference, and channel drift). All incorrect trials and artifacts
were marked and rejected from subsequent analysis. Data were then re-referenced to
linked mastoids (see above), low-pass filtered (zero phase shift, 45 Hz, 6 dB/oct), and
high-pass filtered (zero phase shift, 0.5 Hz, 6 dB/oct). Two additional eye channels were
then created. VEOG was created to assess vertical eye movements (i.e., blinks), defined
as the average o f the upper and lower left eye channels. HEOG was created to assess
horizontal eye movements, defined as the average o f the left and right canthi channels.
Data were then corrected for ocular artifacts using an algorithm programmed into the
software.
EEG files were segmented into 1100-ms epochs, which corresponded to event
triggers. This time interval consisted o f the 100 ms immediately preceding each stimulus
presentation and the 1000 ms following each stimulus presentation. Trials that had
previously been marked as incorrect were not included in the segmentation process, nor
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were trials that overlapped with previously rejected artifacts. For each participant,
epochs were baseline corrected and average ERPs were computed at each electrode
channel for both left-hand and right-hand stimuli. Then, grand mean averages o f ERP
waveforms were computed within each group for left and right hand stimuli.
Analyses
Because we were primarily interested in differences between hemiparetics’
mental representation o f their affected limb versus their unaffected limb, the variables
corresponding to “left hand stimuli” and “right hand stimuli” were recoded. Specifically,
we created a variable for “affected hand” versus “unaffected hand” which corresponded
to each participant’s dominant versus nondominant hand. In the stroke survivors group,
for the three participants who had suffered a right hemisphere CVA resulting in left side
hemiparesis, the left hand stimuli were coded as “affected hand,” whereas the right hand
stimuli were coded as “unaffected hand.” For the two participants who had suffered a left
hemisphere CVA resulting in right side hemiparesis, the left hand stimuli were coded as
“unaffected hand,” whereas the right hand stimuli were coded as “affected hand.” In the
aging control and student control groups, all participants were right-handed, and therefore
all left hand stimuli were coded as “affected hand,” and all right hand stimuli were coded
as “unaffected hand.”
Mean accuracy and reaction time were calculated for each participant and each
experimental group, and analyses of variance (ANOVAs) were computed using variables
of hand (affected or unaffected), facing (palm or back), orientation (0°, 45°, 90°, 135°,
180°, 225°, 270°, or 315°), and group (student control, aging control, and stroke survivor).
All ERP analyses were conducted on data collapsed across affected hand and unaffected
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hand, at each electrode o f interest, for each group. Statistical analyses were performed on
ERP latencies and amplitudes, using either the mean voltages calculated over a given
time interval o f interest, or peak voltages detected during a given time window. All
analyses were carried out using SPSS software with an alpha level of .05.
Results
Behavioral Data
Data for accuracy and reaction time were lost for one o f the aging control
participants due to computer malfunction. Accordingly, the subsequent behavioral
analyses comprise five students, four older adults, and five stroke survivors.
A one-way ANOVA revealed no significant differences in hand identification
accuracy between the student control group (M = 95.18%, SD = 3.94), the aging control
group (M = 91.38%, SD = 4.50), and the stroke survivor group (M = 92.86%, SD = 4.98),
F(2, 11) = 0.828,/? > .05. Within each group, mean reaction times for correct responses
only were calculated for affected and unaffected hands, for palms and backs o f hands,
and for each angular rotation. A series of one-way ANOVAs on these means revealed no
significant differences between groups on any o f these variables. There was, however, a
marginally significant effect of group on reaction time for identifying affected hands,
F(2, 11) = 3.049,/? = .088. Post-hoc comparison of groups using Tukey’s HSD test
revealed that this marginally significant difference occurred between the student control
group (M = 1656.02, SD = 183.87) and the stroke survivor group (M = 2332.43, SD =
564.28). This trend suggests that stroke survivors require more time to accurately
identify images corresponding to their affected hand than young adults take to identify
images corresponding to their nondominant hand.
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A mixed factorial ANOVA was computed on reaction times with angular
orientation and hand as within-subject factors and group as a between-subjects factor. As
expected, the main effect o f rotation was highly significant, F{7, 77) = 13.917, p < .001,
with participants generally being fastest to identify hands that were presented at 0°
canonical orientation and slowest to identify hands presented at 180° (see Figure 3)—a
pattern that is indicative o f mental rotation. The plots depicted in Figure 3 also seem to
suggest that the student control group responded the fastest, followed by the aging control
group, and finally the stroke survivor group; however, this main effect o f group was not
significant, F(2, 11) = 2.475,/? = .130. There was also no significant orientation x group
interaction.
Figure 4 displays reaction times plotted as a function o f angular orientation,
separated according to affected and unaffected hands for each group. These two graphs
exhibit similar patterns o f results as the graph depicted in Figure 3, suggesting that all
participants were engaging in mental rotation regardless o f whether they were viewing
affected or unaffected hands. Indeed, the mixed factorial ANOVA revealed no main
effect o f hand and no significant hand x group interaction. There was, however, a
significant hand x orientation interaction, F(7, 77) = 2.315,/? < .05. Follow-up analyses
using paired samples £-tests indicated a significant difference in reaction time between
affected and unaffected hands at the 180° rotation angle, r(13) = 2.210,/? < .05. Figure 5
depicts this effect graphically, demonstrating that participants took significantly more
time to mentally rotate affected hands versus unaffected hands, when these stimuli were
presented at a rotation o f 180°.
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Electrophysiological Data
Visual inspection of ERPs revealed several qualitative features in the waveforms
at various electrode sites. First of all, participants’ perception o f the visual stimuli is
evident due to the emergence o f a P1-N1-P2 complex distributed among the occipital
electrodes (i.e., O l, OZ, and 02) within the first several hundred milliseconds of stimulus
presentation. Figure 6 depicts grand mean averages of this complex for both affected and
unaffected hands, plotted as a comparison o f the student and aging control groups, as well
as a comparison o f the aging control and stroke survivor groups. Latencies and
amplitudes for PI, N l, and P2 were manually extracted for each participant at each
occipital electrode site for both affected and unaffected hands. The PI component
generally appeared during a time window of 70-130 ms after stimulus onset, whereas the
N l component usually came during an interval of 130-190 ms, and the P2 component
was detected between 210-270 ms post-stimulus.
To assess any latency or amplitude differences within the P1-N1-P2 complex, we
first analyzed the PI component by running an ANOVA on PI latencies and amplitudes
with electrode and hand as within-subject variables and group as a between-subjects
variable. There were no significant main effects or interactions for latencies. For
amplitudes, the main effect o f hand was significant, F (l, 12) - 4.753, p = .05; however
this main effect was qualified by a significant hand x group interaction, F(2, 12) = 4.032,
p < .05. This interaction is graphically depicted in Figure 7 and suggests that the
amplitude o f the PI component is greater for affected hands than for unaffected hands,
only for the aging control group. No other main effects or interactions o f the PI
component amplitude were significant.
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Because some participants displayed N l components that were negative-going but
not negative in actuality, we calculated the amplitude difference between the N l and PI
components for each participant at each occipital electrode site for both affected and
unaffected hands. These amplitude difference scores, along with latencies for the N l
component, were analyzed with ANOVAs just as had been done for the PI component.
No main effects or interactions were obtained for latencies. For amplitudes, the ANOVA
revealed a significant main effect o f group, F(2, 12) = 4.149 ,p < .05. A post hoc
comparison o f these means using Tukey’s HSD test indicated that the difference between
the N l and PI components for the aging control group (M = -12.27) was significantly
greater than the difference between these two components for the student control group
(M= -5.08), p < .05. No other main effects or interactions for the N l component
amplitude were significant.
The P2 component was analyzed using a method similar to the analysis of the N l
component. That is, we calculated the amplitude difference between the P2 and N l
components for each participant at each occipital electrode site for both affected and
unaffected hands and compared them using a mixed factorial ANOVA. We also
analyzed latencies for the P2 component using a similar ANOVA. No significant main
effects or interactions were obtained for the P2 component latencies or amplitudes.
Following the P1-N1-P2 complex, all groups demonstrated a P3 component that
emerged during a time window of approximately 300-500 ms after stimulus onset, with
greatest amplitude at midline and lateral parietal electrodes (P3, PZ, P4). This
component has been shown to be implicated in mental rotation tasks (see Heil, 2002).
Grand mean averages depicting this component for affected and unaffected hands are
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presented for the student control group versus the aging control group and the aging
control group versus the stroke survivor group in Figure 8. An ANOVA with electrode
(P3, PZ, P4) and hand as within-subject factors and group as a between-subjects factor
was computed for latencies, as well as for amplitudes. No significant main effects or
interactions were obtained for latencies. For amplitudes, the ANOVA revealed a
significant main effect o f electrode, F(2, 24) = 3.885, p < .05. Simple contrasts indicated
that the PZ amplitude (M = 6.131) was significantly greater than the P3 amplitude (M=
5.006),/? < .01. Likewise, the PZ amplitude was significantly greater than the P4
amplitude (M = 4.969),/? < .05. There were no other significant main effects, nor were
there any significant interactions for the P3 component amplitude.
Finally, we observed a late negative complex (LNC) distributed primarily across
midline central (CZ) and midline and lateral parietal electrodes (P3, PZ, P4), typically
occurring during a time window of 700-900 ms after stimulus onset. Figure 9 displays
grand mean averages o f this complex for affected and unaffected hands, comparing the
student control group with the aging control group, as well as the aging control group
with the stroke survivor group. In order to assess differences in the LNC, we calculated
mean amplitudes between 700 and 900 ms for all participants for affected and unaffected
hands at each electrode o f interest. An ANOVA with electrode and hand as withinsubject factors and group as a between-subjects factor revealed a significant main effect
of electrode, F(3, 36) = 3.681,/? < .05, as well as a significant electrode x hand x group
interaction, F(6, 36) = 2.794,/? < .05. In an effort to clarify this three-way interaction,
the ANOVA was run again with the student control group removed. This resulted in a
significant main effect o f electrode, F(3, 24) = 9.419,/? < .001 and a significant hand x
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electrode interaction, F(3, 24) = 3.096, p < .05; however, the three-way interaction was
no longer significant. This pattern of results indicates that the amplitude difference
between affected and unaffected hands varies at some electrode sites more than others,
and this overall pattern was different for the student control group as compared to the
aging control and stroke survivor groups.
Discussion
The purpose o f the present experiment was twofold. First, we sought to replicate
previous ERP studies that have investigated the neural mechanisms underlying the mental
rotation process— specifically, the mental rotation o f human hands. Second, we wanted
to extend these findings to a new population of individuals—namely, stroke survivors
suffering from upper extremity hemiparesis.
Behavioral Data
Analysis o f our accuracy and reaction time data confirms that participants were in
fact engaging in mental rotation as a strategy for making left-right judgments of hands.
Not only did all groups o f participants make hand identifications at a very high level of
accuracy, but also reaction times for all groups showed a bell-shaped curve, changing as a
function o f angular orientation. Participants generally took more time to mentally rotate
hands that were presented at an orientation further away from canonical position. This
pattern of results is in line with the reaction time data o f previous studies investigating
mental hand rotation in normal participants (e.g., Parsons, 1987; Sekiyama, 1982; Thayer
& Johnson, 2006), as well as in stroke survivors suffering from upper extremity
hemiparesis (Stevens & Phillips, 2001).
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Separate plots for affected and unaffected hands exhibit the same reaction time
function for all groups, providing further evidence that participants were mentally
rotating the stimuli, irrespective o f whether they were viewing stimuli corresponding to
their dominant or nondominant hands. Results also showed that all three groups took
significantly more time to mentally rotate stimuli corresponding to their affected limbs,
as compared to stimuli corresponding to their unaffected limbs, when these stimuli were
presented at 180°. This finding, with regard to the stroke participants, is in line with
previous research that has suggested that damage to certain brain regions can result in
increased reaction time for performing actual and imagined motor actions with an
affected limb, yet the overall ability to represent motor behavior in the affected limb
remains intact (e.g., Dominey et al., 1995; Sirigu et al., 1995).
Electrophysiological Data
Our analysis of ERP waveforms was based strongly on the analyses carried out by
Thayer and Johnson (2006), who monitored cortical activity during the mental rotation of
hands in a single group o f 16 normal participants. The results o f the present study
replicate these previous findings, with respect to our student and aging control groups,
and extend them to a group o f individuals displaying a profound motor deficit.
Generally, we observed an occipitally distributed P1-N1-P2 complex elicited by the
presentation o f visual stimuli, as well as a P3 component with maximal amplitude at
midline and lateral parietal electrodes and an LNC with maximal amplitude at midline
central and midline and lateral parietal electrodes. The P3 component and LNC are both
commonly observed in mental rotation tasks.
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Analysis o f amplitude differences within the P1-N1-P2 complex revealed a few
unexpected effects. With regard to PI amplitude, we found a significant hand x group
interaction, indicating that PI amplitude was greater for viewing affected hands versus
unaffected hands, only for the aging control participants. This might suggest that the
aging control group had to devote more attentional resources to images o f their
nondominant hand than images of their dominant hand, yet it seems curious that the
stroke survivors did not display a similar discrepancy between affected and unaffected
hands. Moreover, the aging control group exhibited a significantly greater amplitude
difference between the PI and N l components, as compared to the student control group,
which might indicate that these participants were paying more attention to the set of
stimuli as a whole. Again, however, this effect did not emerge for our stroke survivor
group. With five participants per group, it is difficult to draw any solid conclusions from
this pattern o f results. It is possible that individual differences within the aging control
group are driving these effects, or it is equally possible that the highly variable data
obtained from the stroke survivors is obscuring these effects. Our lab is currently
collecting additional data, with hopes that including more participants in each group will
help clarify our results.
We observed a P3 component with strongest amplitude over parietal electrode
sites, which provides evidence for the crucial role of the parietal cortex in mental
rotation, and fits nicely with other research implicating the parietal cortex (e.g., Jordan et
al., 2001; Sirigu et al., 1995). Our analysis of the P3 component amplitude revealed a
significant effect o f electrode such that amplitudes were strongest at the midline parietal
electrode (PZ), as compared to the left parietal electrode (P3) and right parietal electrode
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(P4). We thus obtained evidence suggesting no significant hemispheric differences in the
P3 component, which seems to suggest that the left and right parietal cortices contribute
equally to the mental rotation of hands— a finding in accordance with results reported by
Thayer and Johnson (2006).
The emergence o f a late negative complex is likewise in line with previous ERP
studies of mental rotation (e.g., Peronnet & Farah, 1989; Pierret et al., 1994; Thayer &
Johnson, 2006). Although we observed this complex in both the student and aging
control groups, visual inspection of the ERP waveforms seems to suggest that the stroke
survivor group did not display this pattern o f activity, or at least produced an LNC with
an amplitude that was considerably weaker than the LNC amplitude for the other two
groups. Interestingly, this difference did not come close to reaching statistical
significance. As previously discussed, our lab is in the process of collecting additional
data, and we are hopeful that doubling our number of participants in each group will
increase our statistical power enough to achieve a significant group difference with
regard to the LNC.
Importantly, we observed no main effect o f hand for either the P3 component or
the LNC, suggesting that participants were experiencing the same pattern o f cortical
activation, whether they were mentally rotating images o f hands corresponding to their
own dominant or nondominant hands. This is a particularly noteworthy finding for the
stroke survivor group, as it seems to suggest that the cerebral processes underlying
internal motor representation in a hemiparetic’s affected limb is comparable to the pattern
of activation governing the unaffected limb.
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Aside from the previously discussed problem of low sample sizes, another
limitation of the present study is the relatively short time window we used to epoch our
data. Thayer and Johnson (2006) observed an LNC that began at approximately 600 ms
after stimulus presentation and extended to 1200 ms, or even later in some participants.
In contrast, we observed an LNC in our student and aging control groups that began at
approximately 700 ms after stimulus presentation and decreased around 900 ms. We did
not observe this complex for our stroke survivor group, but it does seem possible that the
LNC— or some other component, for that matter—did not emerge until some point
beyond the 1000 ms epoch cutoff. Given that stroke survivors were generally slower to
respond than the other two groups, this interpretation seems quite feasible. Examining
response-locked, as opposed to stimulus-locked, ERPs in future research could perhaps
be more helpful in answering this question. Unfortunately, the paradigm used in the
present study does not readily lend itself to a response-locked analysis because o f the
ERP contamination that can result from vocalizations (i.e., when our participants spoke
their left-right decision) and the variability in reaction times for the experimenters who
responded for our participants.
Conclusion
Certainly, more data must be collected before any solid conclusions can be
reached. As o f now, the data appear to suggest that stroke survivors suffering from
hemiparesis engage in a similar pattern of cortical activity whether they are mentally
rotating images o f their affected hand or unaffected hand. This pattern, however, does
not seem to include a late negative complex— an ERP component associated with mental
rotation tasks that our two control groups display. Although this group difference is not
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yet statistically significant, we hope that by increasing our statistical power, we can
demonstrate this effect. If we can in fact show that hemiparetics do not display an LNC
as compared to healthy controls, it would suggest that these individuals are utilizing a
fundamentally different pattern o f neural activity to perform mental rotation, which
would surely have broad implications for the body o f research devoted to better
understanding motor representation in stroke survivors.
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Table 1
Summary o f Participants Included in the Stroke Survivor Group

Time since
CVA (months)

Side
affected

Fugl-Meyer
score (out of
max o f 66)

Date of FuglMeyer assessment

Participant
code

Age

301

71

38

Left

27

8/21/06

302

71

121

Left

37

5/2/06

303

46

21

Left

54

5/18/06

304

71

121

Right

53

5/2/06

305

71

11

Right

19

9/22/06
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Figure Captions
Figure 1. Examples o f hand stimuli, shown at 0° canonical orientation for backs and
palms of hands, both left and right.
Figure 2. Map o f electrodes included in the NuAmps 40-Channel Quik-Cap.
Figure 3. Mean reaction times for each group plotted as a function o f angular orientation.
Figure 4. Mean reaction times for each group plotted as a function o f angular orientation,
separated according to affected and unaffected hands.
Figure 5. Mean reaction times for affected and unaffected hands, collapsed across
groups.
Figure 6. Grand averaged ERPs depicting the P1-N1-P2 complex at occipital electrodes
(01, OZ, 02), for both affected and unaffected hands. The student and aging control
groups are compared, as are the aging control and stroke survivor groups.
Figure 7. Mean amplitudes of the PI component for affected and unaffected hands,
plotted by group.
Figure 8. Grand averaged ERPs depicting the P3 component at parietal electrodes (P3,
PZ, P4), for both affected and unaffected hands. The student and aging control groups
are compared, as are the aging control and stroke survivor groups.
Figure 9. Grand averaged ERPs depicting the LNC at midline central (CZ) and parietal
electrodes (P3, PZ, P4), for both affected and unaffected hands. The student and aging
control groups are compared, as are the aging control and stroke survivor groups.
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